Abstract: Gac seeds are high in oil, but there are few studies on its extraction and characteristics. This study aimed to characterise Gac seeds and investigate the physicochemical properties of Gac seed oil extracted with supercritical carbon dioxide (SC-CO 2 ) and hexane (Soxhlet). The Gac seed kernel accounted for 66.4 ± 2.7% of the seed weight, and 53.02 ± 1.27% of it was oil. The SC-CO 2 oil had a higher quality than the Soxhlet oil for important criteria, such as peroxide (0.12 ± 0.02 vs. 1.80 ± 0.01 meq O 2 /kg oil), free fatty acid (1.74 ± 0.12 vs. 2.47 ± 0.09 mg KOH/g oil) and unsaponifiable matter (33.2 ± 1.5 vs. 52.6 ± 2.4 g/kg) values, respectively. It also had a better colour (light yellow vs. dark greenish brown) and a higher antioxidant capacity measured with the DPPH (52.69 ± 0.06 vs. 42.98 ± 0.02 µmol Trolox equivalent/g oil) and ABTS (2.10 ± 0.12 vs.
Introduction
Gac (Momordica cochinchinensis (Lour.) Spreng), also known as red melon, baby jackfruit, spiny bitter gourd, sweet gourd or cochinchin gourd, is found throughout the Southeast Asian region from South China to Northeastern Australia, including Thailand, Laos, Myanmar, Cambodia and Vietnam [1] . The most important part of the fruit is the red flesh surrounding the seeds, the aril, which is used as a colorant in rice or as a material for further processing into functional food ingredients and supplements since the Gac aril is well known by its high content of lycopene and β-carotene [2] . In factories, after the aril is recovered, the remaining seeds, pulp and peel are mostly considered waste and have very little use [3] . However, in the traditional medicine of countries like China and Vietnam, Gac seeds have been used as a treatment for a range of diseases such as fluxes, liver and spleen disorders, haemorrhoids, wounds, bruises, swelling and pus [4, 5] .
Several studies have demonstrated that the kernel of Gac seeds contains a high proportion of oil, which ranges from 35% [6] to 53% w/w [7] . Two common methods used for recovering oil from seeds are expeller pressing and conventional solvent extraction, mainly using hexane. The pressing process yields extracts of high quality; however, in most cases, the yield is low and the oil can be subject to thermal degradation. The latter achieves almost complete recovery of the oil as determined using the closed circuit continuous reflux system of the Soxhlet apparatus. However, the solvent extraction method can cause unacceptable solvent contamination, which can be harmful to human health and/or the environment, and thus, the use of oil produced in this way may be restricted in the food, cosmetic and pharmaceutical industries for safety reasons [8] .
Many reports have shown that seed oils can be extracted using supercritical carbon dioxide (SC-CO 2 ), which is environmentally friendly and organic solvent-free. This technique has been employed to extract oil from many kinds of seeds with oil yields that are comparable to the conventional solvent extraction methods [9, 10] . Although the optimal conditions for extracting Gac seed oil using SC-CO 2 have been reported recently [11] , to our knowledge, there are no reports comparing the physicochemical characteristics of Gac seed oil extracted with SC-CO 2 with Gac seed oil extracted using the conventional hexane extraction method with the Soxhlet apparatus.
Therefore, the aim of this study was to characterise the oil extracted from Gac seed kernels using a SC-CO 2 system and compare it to oil extracted using the conventional solvent extraction method with hexane and the Soxhlet apparatus (Soxhlet). The extracted oils were compared in terms of extraction yield and physiochemical indices, including their antioxidant capacity.
Materials and Methods

Materials
Chemicals
Organic solvents including hexane, methanol and ethanol were obtained from Merck Pty Ltd. (Kilsyth, VIC, Australia). 2,2 -azinobis-(3-ethylbenzothiozoline-6-sulfonic) acid (ABTS), 2,2 -diphenyl-1-picrylhydrazyl (DPPH) and Trolox were purchased from Sigma-Aldrich Pty Ltd. (Castle Hill, NSW, Australia). Carbon dioxide (99.9%) was purchased from Coregas Pty. Ltd. (Mayfield, NSW, Australia). All chemicals were of analytical grade.
Gac Seed Kernels
Twenty kilograms of seeds were separated from fresh Gac fruits collected in Ho Chi Minh (HCM) city, Vietnam (latitude: 10.757410; longitude: 106.673439). The average weight of the fresh Gac seeds was determined immediately after they were separated from the fruit arils. Three samples of 200 fresh seeds were randomly taken from the well-mixed 20-kg lot of seeds and weighed using an analytical balance (ε = 0.0001 g).
For prolonged preservation and to facilitate the removal of their shells, the seeds were vacuum dried at 40 • C for 24 h to reduce their moisture and to increase the breakability of their shells. The dried seeds were then de-shelled manually using a knife. The average weight of the dried whole seeds and the dried de-shelled kernels was determined before and after de-shelling. Three samples of 300 dried seeds were taken randomly from the well-mixed dried seeds and weighed using an analytical balance (ε = 0.0001 g). The seeds in the three samples were then de-shelled, and the resulting three samples of kernels were weighed. Equation (1) was used to calculate what percentage the weight of the kernels was in terms of the weight of the dried seeds before they were deshelled. The results were expressed as the mean value ± the standard deviation.
Kernel (%) = mass o f kernels mass o f whole seeds × 100
The dried kernels were packaged in vacuum-sealed aluminium bags and stored at 4 • C before further investigation.
Proximate Analysis of the Gac Seed Kernels
The moisture, protein and fat contents of the Gac seed kernels were determined in triplicate samples using the official methods and recommended practices of the American Oil Chemists' Society (AOCS) [12] . Moisture was measured using the AOCS Ab 2-49 method and using a MOC63u moisture analyser (Shimadzu Corp., Kyoto, Japan) at 160 • C; crude protein was measured using the AOCS Ba 4d-90 method and a Kjeldahl apparatus; and oil content was measured using the AOCS Am 2-93 method using a Soxhlet apparatus.
Preparation of Gac Seed Kernel Powder for Oil Extraction
Before conducting extractions, the Gac seed kernels were ground into a powder of less than a 500-µm particle size, using the 100 g ST-02A Mulry Disintegrator (Taiwan Machinary, Sydney, NSW, Australia). The powder was then dried in a Dynavac FD3 freeze dryer (Dynapumps, Seven Hills, NSW, Australia) for 48 h at −45 • C under vacuum at a pressure loading of 10 −2 mbar (1 Pa). The remaining moisture of the freeze-dried powder was 1.21 ± 0.02%, as measured at 160 • C using a Shimadzu MOC63u moisture analyser (Shimadzu Corp., Kyoto, Japan).
Methods for the Extraction of Gac Seed Oil
SC-CO 2 Extraction
The extraction of Gac seed oil with SC-CO 2 was performed using a laboratory-scale supercritical fluid extraction system (Teledyne Isco, Lincoln, NE, USA), which consisted of an SFX 2-10 extractor and two 260D syringe pumps. The extractor was a 10-mL cartridge through which SC-CO 2 flowed downwards. The operation parameters of the system ranged between 10 and 7500 psi for pressure, ambient, 150 • C for temperature and 0.001 and 107 mL/min for CO 2 flow rate. Based on the results from optimisation investigations on the Gac seed oil yield [11] , the extraction conditions were set at a temperature of 73 • C, a CO 2 pressure of 5900 psi and a CO 2 flow rate of 1.5 mL/min.
For each extraction (n = 3), 4 g of Gac seed kernel powder were added to the 10-mL extraction cartridge, which was then placed in the extraction vessel. The oil-CO 2 mixture was passed through the coaxially-heated adjustable restrictor set at 70 • C to evaporate the CO 2 , and the oil was collected in a pre-weighed glass tube (≈10 min). The tube was then weighted to calculate the oil yield, and the oil was transferred into dark sealed vials and stored at −20 • C before further analysis.
Soxhlet Extraction
For quantitative and qualitative comparisons with the SC-CO 2 extracted oil, oil was extracted with the conventional Soxhlet extraction method as described by Da Porto et al. [13] with some modifications. Briefly, for each extraction (n = 3), 7 g of Gac seed kernel powder were added to a cellulose thimble, plugged with glass wool and put into a Soxhlet extractor. Approximately 250 mL n-hexane were added into a pre-weighed boiling flask, which was fitted to the extractor and condenser. The solvent flow rate was recorded as 14 min/cycle, and the extraction process was terminated after 8 h. After extraction, the n-hexane was removed under reduced pressure at 50 • C using a Buchi Rotavapor B480 evaporator (Buchi Australia, Noble Park, VIC, Australia). The remaining traces of hexane were then removed using a flow of compressed nitrogen blowing on the surface of the oil until the weight of the flask was constant (≈3 min). The weight of the flask containing the oil was then recorded to calculate the oil yield, and the oil was transferred to dark sealed vials and stored at −20 • C before analysis.
Oil Yield Calculation
The 3 oil samples extracted by each method were precisely weighed using a 2-digit digital balance, which had also been used for weighing the initial Gac seed kernel powder samples. The oil yield was expressed in terms of mass percentage as formulated in Equation (2) . 
Colour Measurement
The colour of Gac seed oils was conducted according to Xu [14] with several modifications, using a chroma meter (Minolta CR-400, Minolta Camera Co., Ltd, Osaka, Japan). Oil samples were placed in standard disposable cuvettes (1 cm optical path), and a white calibration plate was used as the background (for illuminants D65, Y = 93.5, x = 0.3140, y = 0.3318). Before the measurements, the instrument was calibrated with deionized water. Measurements were performed on liquid oil samples at ambient temperature (27 • C). For each sample, three points along the height of the cuvette were measured, and the colour result of each sample was the average of the three measurements. The absolute measurements were displayed in L*, a* and b* co-ordinates as defined by CIE (Commission Internationale de l'Eclairage). The L* value represents the lightness-darkness dimension; the a* value represents the red-green dimension; and the b* value represents the yellow-blue dimension.
Determination of Antioxidant Activity
The seed oils obtained by the two techniques were subjected to analysis of their antioxidant activity using the DPPH and the ABTS radical-scavenging assays. All data were averages (± standard deviations) of triplicate determinations of three independent oil samples for each extraction method.
• DPPH radical-scavenging assay
The scavenging activity of Gac seed oils towards DPPH radicals was determined by the method of Tan et al. [15] with some modifications; the main modification was that ethyl acetate was used as the solvent instead of methanol to ensure the oil samples were well dissolved. Each of the oil samples (0.20 g) was diluted in ethyl acetate (10 mL). A stock solution of 0.6 mmol/L DPPH in ethyl acetate was prepared and kept at 4 • C to be used within a week. Fresh working solution was prepared for each assay by mixing 8 mL of stock solution with 42 mL of ethyl acetate to obtain an absorbance of 1.1 ± 0.02 units at 515 nm. The reaction was initiated by mixing the diluted oil sample (0.15 mL) with the DPPH working solution (3.85 mL). Absorbance was measured at λ max of 515 nm in a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia) after 6 h storage in the dark (experimentally determined as the steady state of reaction). Trolox was used as a standard, and the anti-oxidant activity was expressed as µmol trolox equivalents (TE) per g of oil (µmol TE/g).
• ABTS assay
The ABTS assay was conducted according to Christodouleas et al. [16] with several modifications to ensure it worked with the oil samples. The ABTS was dissolved in pure methanol, and potassium persulfate (K 2 S 2 O 8 ) was dissolved in 50% methanol to a final concentration of 5.92 mM and 2.08 mM, respectively. These two solutions were mixed at a 1:1 (v/v) ratio, and the mixture was allowed to stand in the dark at ambient temperature for 24 h in order to produce the ABTS free radical (ABTS •+ ). Then, the solution was diluted with ethanol at a ratio of 1:15 (v/v) solution: ethanol and left in the dark for another 3 h to obtain an absorbance of 1.00 ± 0.02 units at 734 nm. Each oil sample (0.2 g) was dissolved in 10 mL of dichloromethane. The reaction was initiated by mixing the dissolved oil sample (0.15 mL) with the diluted ABTS •+ solution (2.85 mL) left to stand in the dark for 2 h. The absorbance was then measured at the λ max of 734 nm in a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia). Trolox was used as a standard, and the antioxidant activity was expressed as µmol trolox equivalents (TE) per g of oil (µmol TE/g).
Statistical Analyses
Oil extractions and other measurements were performed in triplicate, and the results were expressed as the means ± SD. Student's t-test, conducted using Microsoft Excel 2010, was used to compare the difference between the mean values for the SC-CO 2 and Soxhlet oils and statistical significance was taken to be at p < 0.05.
Results and Discussion
Characteristics of Gac Seeds
The characteristics of the Gac seeds and their macro constituents are shown in Table 1 . The results of the weight analysis of the Gac seeds revealed that the weight of the fresh and dried Gac seeds was quite consistent, with the variation being within 4% of the mean seed weight. The average weight of these fresh seeds was similar to the weight reported by Ishida et al. [17] . This is likely because these seeds were sourced from the same country (Vietnam) and were possibly from the same variety. During drying, the seeds lost 38% of their weight (Table 1) . After de-shelling, the dried kernels were 34% lower in weight than the whole dried seeds, meaning that 66% of the dried seed weight was in the kernel and 34% in the shell. This is the first report of the Gac kernel to shell ratio, and the shell weight was found to be much higher than for other dried oil seeds. For example, the hull ranged from 9-15% for Mucuna seeds [18] and from 20-30% for sunflower seeds [19] . Due to the high relative weight of the Gac seed shell, the shell should be removed before oil extraction. Besides reducing the volume of material to be extracted, removing the seed shell is likely to improve the quality of the oil in terms of colour and purity [20] . However, the shell represents a substantial component of the Gac seeds, and therefore, studies on the constituents in the shell should be done to determine whether this part of the seeds can be utilised, because otherwise, it still represents a considerable waste burden.
The seed weight may be important for the industrial processing of Gac seeds as observed by Saiedirad et al. [21] for seeds in general in that not all seeds required the same grinding conditions and that variability in weight can affect the grinding time and the uniformity of the resulting powder.
Drying at 40 • C for 24 h resulted in the moisture content of the Gac seed kernels, measured using two methods (Table 1) , being much lower than the safe moisture upper limit of 6% suggested by Brooker et al. [22] for oilseed storage. Therefore, the vacuum drying conditions of 40 • C for 24 h used in this study can be applied to sufficiently dry Gac seeds so that they can be safely stored for a longer time without spoilage than the fresh seeds. However, from the energy-saving perspective, studies on the optimisation of the drying methods and the drying conditions used to dry Gac seeds are needed.
The moisture content of the dried kernels was not significantly different (p = 0.2) between the two methods used (Table 1) , and therefore, the infrared moisture determination balance can be used instead of the more time-consuming AOCS method for analysing the moisture content of Gac seeds.
The protein content of the Gac seed kernels (Table 1) was lower than for other common oilseeds (23.1-33.0%) such as soybeans, cowpeas, pigeon peas, melon, pumpkin and gourd seeds [23] . The crude protein constituent of an oilseed can also affect the oil extraction process. In oilseeds, proteins form a membrane around the lipid bodies, which needs to be broken down before the oil is able to be extracted [24, 25] . Therefore, the low content of protein in Gac seed kernels can be an advantage for the extraction of their oil. However, the known presence of trypsin inhibitor proteins in Gac seeds [26] , which can have anti-nutritive effects [27] , might hinder the possibility of using Gac seed protein in human food or animal feed.
The oil content of the Gac seed kernels (Table 1 ) was similar to that reported previously (52.7%) for Gac seed kernels [7] and comparable to the values for other oil-rich seeds like peanuts (45-52%) [28] , sunflower kernels (45-55%) [29] and sesame seeds (30-50%) [30] and higher than for linseeds (33.3%), soybeans (18.4%) and palm kernels (44.6%) [31] . Therefore, Gac seed kernels are one of the richest sources of oil, which should make it easy to recover for analysis and potential use, such as edible oil, medicinal or cosmetic ointment. Table 2 shows the oil yield obtained from the two studied extraction methods. On a mass per mass basis (%, m/m), the Soxhlet method with hexane was more effective at extracting oil from the Gac seed kernels; a 36% higher oil yield was obtained for the Soxhlet method than for the SC-CO 2 method. This is likely because hexane is more lipophilic than CO 2 , and based on the chemical analysis (Table 2) , it was able to extract more triglycerides and other non-polar compounds from the kernels. The oil extracted with hexane had a higher unsaponifiable matter component and a lower saponifiable matter component than its SC-CO 2 counterpart (Table 2 ), but this did not explain much of the difference in the amount of oil extracted. Thus, the extraction method can affect the yield of oil from Gac seeds.
Oil Yield
For other types of seeds, the oil yield also tends to be higher when the oil is extracted using hexane than when the SC-CO 2 method is used. However, the differences are not usually as great as was observed for the Gac seeds in the present study; Zhao et al. [32] reported 24.1% and 27.2% oil yields for radish seeds when extracted by SC-CO 2 and hexane, respectively, and Molero et al. [33] reported close values of 36.0% and 38.4% for oil yields from sunflower seeds and 39.3% and 40.1% from grape seeds.
Characterisation of the Extracted Oils
Several characteristics are usually measured to give information about the structure, stability and quality of seed oils. The physicochemical and quality characteristics of the two oils extracted by the SC-CO 2 and the Soxhlet methods are shown in Table 2 . This is the first time that these characteristics have been reported for Gac seed oil. The results revealed that all the measured physical and chemical characteristics were significantly different (p < 0.05) between the oils extracted by the two methods.
The specific gravity (or relative density) of the SC-CO 2 oil was higher than for the Soxhlet oil, suggesting that the SC-CO 2 oil contained less long chain saturated fatty acids and/or more unsaturated fatty acids than the Soxhlet oil [31] . This may be due to hexane having a higher lipophilicity than SC-CO 2 , and thus, it was more efficient at extracting long chain saturated fatty acids. At the same temperature, the higher the density of an oil is, the shorter the average fatty acid chains it contains [34] . Generally, the density of an oil decreases with the molecular weight of its fatty acids, but its density increases with the degree of unsaturation of the fatty acids [35] .
One of the factors that affects an oil's specific gravity, the degree of unsaturation, is measured by the refractive index and the iodine value, which decrease and increase, respectively, with the degree of unsaturation of the fatty acids in the oil [36, 37] . Consistent with its higher specific gravity, the refractive index value of the SC-CO 2 oil was lower than that of the Soxhlet oil (Table 2 ), which suggests that there were less unsaturated fatty acids in the former than in the latter. The iodine value of the SC-CO 2 oil was also consistent with its higher specific gravity; it was higher than that of the Soxhlet oil ( Table 2 ), indicating that the SC-CO 2 oil contained more unsaturated fatty acids. The range of iodine values measured for the Gac seed oil samples, whether they were extracted with the SC-CO 2 or the Soxhlet method, was 51.11-54.77 g I 2 /100 g oil. This range was similar to the range of 50.0-55.0 I 2 /100 g oil reported for palm oil [38] , which suggests that Gac seed oil is very similar to this vegetable oil and, therefore, may have similar applications in the food, cosmetic and biodiesel industries [39] [40] [41] . However, the iodine values for the Gac seed oil were low in comparison to other oils, such as canola (188-193), corn (103-128), cottonseed (99-199), linseed (>177), peanut (80-106), rapeseed (94-120), soybean (120-143) and sunflower seed (110-143) oils [36] . The low iodine values for the Gac seed oil were likely due to a high content (60.5%) of the saturated fatty acid, stearic acid, as measured previously by Ishida et al. [17] . The low iodine values of Gac seed oil place it in the non-drying oil group [32] , and being a saturated oil, it is fairly stable to auto-oxidation.
The saponification values obtained for the Gac seed oil samples (Table 2) showed that the value for the SC-CO 2 oil was higher than for the Soxhlet oil. This suggests that the fatty acids in the SC-CO 2 oil were likely to be shorter than those in the Soxhlet oil because the saponification value is an index of the average molecular mass of the fatty acids in an oil sample [42] . This was consistent with the specific gravity of the SC-CO 2 oil being higher than that of the Soxhlet oil, which also suggested that the SC-CO 2 oil contained less long chain fatty acids [31] .
The range of saponification values for the Gac seed oil samples, whether they were extracted with the SC-CO 2 or the Soxhlet method, was 167-189 mg KOH/g oil. The range of values was similar to those for mustard seed oil (168-184) [38] and rapeseed oil (168-187) [36] . However, they were lower than for most of the other common oils, such as coconut (248-265), palm (190) (191) (192) (193) (194) (195) (196) (197) (198) (199) (200) (201) (202) (203) (204) (205) (206) (207) (208) (209) [36] . The low saponification values of the Gac seed oil were likely caused by the high proportion of the C18 long chain fatty acids, stearic (60.5%), linoleic (20.3%) and oleic (9.0%), as measured previously by Ishida et al. [17] . However, its low saponification value is an indication that the oil may not be suitable for soap making, for which shorter fatty acids like lauric (C12) and myristic (C14) are preferable [43] .
The unsaponifiable matter values obtained for the Gac seed oil samples (Table 2) showed that the value for the SC-CO 2 oil was much lower than for the Soxhlet oil, which is an indication of a higher percentage of oil soluble substances other than triglycerides in the Soxhlet oil. This suggests that the SC-CO 2 was not lipophilic enough to extract all the non-polar substances from the Gac seeds that hexane was able to extract. This is consistent with the findings of Friedrich and Pryde [44] , who observed that oils extracted from soybeans, cottonseed, corn and wheat germ or bran by SC-CO 2 had less impurities, such as unsaponifiables, gossypol and phosphorous, than oils extracted with hexane.
The unsaponifiable matter values for the Gac seed oil (3.3-5.3%) were very much higher than those for many edible oils, such as soybean oil (0.015%), rapeseed oil (0.02%), sesame seed oil (0.02%) and palm oil (0.012%) [45] . More importantly, the unsaponifiable matter values for the Gac seed oil extracts, especially the values for the Soxhlet extracted oil, were higher than the upper limit accepted for edible vegetable oils, which is 28 g/kg (2.8%) [38] . Therefore, the oils as extracted in the current study could not be considered to be edible virgin oils and would need to be refined as for most crude seed oils [46] .
Gac seed oil is known to contain triterpenoids, steroids and tocopherols, which can be part of the unsaponifiable matter of oils [47] . These compounds do not contain glyceride linkages, and thus, they are unable to be hydrolysed during saponification [48] . Kan et al. [49] have reported the presence of seven triterpenoids in the unsaponifiable matter of Gac seed oil: karounidiol, isokarounidiol, 5-dehydrokarounidiol, 7-oxodihydrokarounidiol, beta-sitosterol, stigmast-7-en-3beta-ol and stigmast-7, 22-dien-3beta-ol. Therefore, it is likely that the unsaponifiable substances in the Gac oil extracted in the present study were due to these triterpenoid saponins [50] [51] [52] . For example, Le et al. [52] found that a considerable proportion (≈75%) of the Gac seed saponins was deposited in its oil body. Tocopherols, which have been found in Gac seed oil at a concentration of 274 mg/100 g oil [7] , may also have contributed to the unsaponifiable matter.
Although the present Gac seed oil samples would not be acceptable for food applications in terms of their high unsaponifiable matter, they may still be useful in terms of medicinal applications. Their high unsaponifiable matter content may be advantageous as there have been reports on potential beneficial medicinal properties of Gac seed triterpenoids due to their anti-inflammatory [53] , anticancer [54] and tumour-inhibitory [55] activities. In this context, the Gac seed oil extracted using the Soxhlet method may be more advantageous than the SC-CO 2 oil because the unsaponifiable matter for the Soxhlet oil was 58% higher than for the SC-CO 2 oil.
The slip melting point of the SC-CO 2 oil was significantly lower than that of the Soxhlet oil (Table 2) , again confirming that the SC-CO 2 was less able to extract saturated or long chain lipids [31] . This was consistent with the iodine values, a measure of unsaturation, which were higher for the SC-CO 2 oil than for the Soxhlet oil (Table 2 ). Compared to other oils, the slip point values for the Gac seed oils (24.5-27.5 • C) were similar to those of coconut (23) (24) (25) (26) • C), babassu (24-26 • C) and palm kernel (23) (24) (25) (26) (27) (28) (29) (30) • C) oils [56] but lower than for palm oil (31.1-37.6 • C). The melting point of an oil defines its hardness and thermal behaviour and is directly affected by the structure of its fatty acids in that unsaturated fatty acids give an oil a lower slip melting point than saturated fatty acids and short chain fatty acids give lower values than long chain fatty acids [31] .
The free fatty acid values for the SC-CO 2 oil were lower than for the Soxhlet oil (Table 2) , and this may simply be due to the difference in the length of the two extractions. Although the temperatures used for the two methods were similar, 73 • C for the SC-CO 2 extraction and 68 • C for the Soxhlet extraction, the extraction time for the Soxhlet extraction (8 h) was much longer than for the SC-CO 2 extraction (≈10 min). Therefore, the possibility that the fatty acids were hydrolysed from triglycerides during the extraction process was higher for the Soxhlet oil than for the SC-CO 2 oil.
The free fatty acid values for both Gac seed oils varied from 1.47-2.47, indicating that the range for the free fatty acid content was higher than for edible oils like soybean oil (0.38-0.54) and palm oil (0.17-1.06), but lower than for mustard oil (3.65-4.5) [57] . The presence of free fatty acids in an oil can promote auto-oxidation reactions, and they should be as low as possible. However, the acceptable limit for free fatty acids is 10 mg KOH/g oil [38] , and therefore, the values for the Gac seed oils were far below this limit.
The primary oxidation products of fatty acids are usually peroxides, which are measured by the peroxide value [35] . The peroxide value for the SC-CO 2 oil was 93% lower than for the Soxhlet oil ( Table 2) . As for the free fatty acid values, the lower peroxide value for the SC-CO 2 oil than for the Soxhlet oil may simply be due to the difference in the length of the two extractions; the extraction time for the Soxhlet extraction (8 h) was much longer than for the SC-CO 2 extraction (≈10 min), and therefore, there was more time for the fatty acids to be oxidised during the Soxhlet extraction than during the SC-CO 2 extraction. Furthermore, because the SC-CO 2 apparatus is sealed from the atmosphere, exposure to oxygen is avoided during the short SC-CO 2 extraction.
Compared to the acceptable limit of 15 meq O 2 / kg oil [38] , the peroxide values for the Gac seed oils were both well below this threshold, and therefore, the oils were very stable and not susceptible to oxidation. This is consistent with the low iodine values observed for the Gac seed oils (Table 2) and their high content of saturated fatty acids (60.5% stearic), as measured previously [17] . The presence of tocopherols in Gac seed oil [7] may also contribute to the oil's resistance to the lipid oxidation processes [58] .
The moist and volatile matter value for the SC-CO 2 oil was lower than for the Soxhlet oil (Table 2 ), but the values for both Gac seed oils were lower than the acceptable standard level (0.2%) for vegetable oils [38] . The higher value of the Soxhlet oil, compared to the SC-CO 2 oil, was consistent with this oil also having the higher free fatty acids value (Table 2) ; the observed higher free fatty acids value was likely the consequence of an increased hydrolysis of fatty acids from the triglycerides in the presence of a higher moisture content in the Soxhlet oil.
In terms of insoluble impurities, the Gac seed oil extracted by SC-CO 2 had no detectable impurities, while the values for the Soxhlet oil were measurable (Table 2 ). This insoluble impurities value is a measure of unwanted materials suspended in the oil, such as oxidized fatty acids and alkaline soaps of palmitic and stearic acids, among other materials [38] . Therefore, the observed higher insoluble impurities were consistent with both the higher peroxide value (e.g., oxidised fatty acids) and the higher free fatty acid values (e.g., stearic acid) for the Soxhlet oil compared to the SC-CO 2 oil (Table 2) . Nonetheless, the level of insoluble impurities in the Soxhlet oil was still below the acceptable threshold of 0.05% for edible oils [38] .
The oil extracted by SC-CO 2 had a higher antioxidant capacity than the Soxhlet oil for both of the antioxidant assays performed (Table 2 ). This may be because of the shorter extraction time needed for the SC-CO 2 extraction (≈10 min) than for the Soxhlet extraction (8 h), and therefore, the former may have more heat-sensitive antioxidant compounds, such as tocopherols, saponins and phenolics, remaining than the latter.
The values for the DPPH assay were much higher (>25 times) than for the ABTS assays for both of the extracted Gac seed oils ( Table 2 ). The antioxidant activity values for the Gac seed oils (DPPH: 1076-1319 and ABTS: 38-53 mg trolox/100 g oil) were also much higher for the DPPH assay, but similar for the ABTS assay when compared to the DPPH and ABTS antioxidant activity values reported for some seed oils, such as hemp (62 and 40 mg trolox/100 g oil, respectively), terebinth (52 and 47 mg trolox/100 g oil, respectively), radish (53 and 36 mg trolox/100 g oil, respectively), stinging nettle (46 and 33 mg trolox/100 g oil, respectively) and laurel (86 and 85 mg trolox/100 g oil, respectively) [59] .
The very high DPPH antioxidant activity measured for the Gac seed oils in this study are likely due to the modifications used for this assay in the present study and, therefore, may not be able to be compared with other studies. The main modification was that ethyl acetate was used as the solvent for the DPPH and the oil samples instead of methanol [15] , and therefore, it suggests that ethyl acetate may be better than methanol at solubilising the antioxidant compounds in the Gac seed oils. For the ABTS assay, the oil samples were dissolved in dichloromethane, and the ABTS was dissolved in methanol instead of 1-butanol and water, respectively [16] , but the values were similar to those obtained for other oils [59] .
In summary, the SC-CO 2 oil appeared to have a higher quality than the Soxhlet oil in terms of free fatty acids, peroxide value, insoluble impurities, moist and volatile matter and antioxidant activity (Table 2 ). However, both oils, as extracted in this study, could not be used as edible virgin oil because of their high unsaponifiable matter [38] , but for the same reason, they may have more potential in medicinal applications. In this context, the Soxhlet oil may have more potential because it had a higher unsaponifiable matter value and a much higher yield than the SC-CO 2 oil.
Colour Characterisation
As seen in Table 3 , the SC-CO 2 oil had a light yellow colour, and therefore, it had a much better colour than the Soxhlet oil, which had a much darker colour and would not require bleaching during the refining process. The CIELab colour measurements reflected this colour difference as significant differences (p < 0.05) were found for the L*, a* and b* values between the two oils (Table 3) ; a higher value for L*, reflecting more brightness, a lower and negative value for a*, reflecting more green than red, and a higher value for b*, reflecting more yellow than blue, were found for the SC-CO 2 oil than for the Soxhlet oil (Table 3 ). According to Kraujalyte et al. [60] , the colour of a vegetable oil depends mainly on the presence of carotenoids and chlorophylls in the oil. Therefore, the darker colour of the Gac seed oil extracted with hexane is probably due to this solvent's capacity to extract carotenoids and chlorophylls [61] [62] [63] compared to the more polar solvent carbon dioxide. This is also consistent with the Soxhlet oil having a higher unsaponifiable matter than the SC-CO 2 oil (Table 2) , part of which could be carotenoids and chlorophyll. However, based on the bright green colour of the Soxhlet extract observed before the hexane was evaporated, chlorophyll is likely to be a major pigment in this oil. In summary, the SC-CO2 oil appeared to have a higher quality than the Soxhlet oil in terms of free fatty acids, peroxide value, insoluble impurities, moist and volatile matter and antioxidant activity (Table 2 ). However, both oils, as extracted in this study, could not be used as edible virgin oil because of their high unsaponifiable matter [38] , but for the same reason, they may have more potential in medicinal applications. In this context, the Soxhlet oil may have more potential because it had a higher unsaponifiable matter value and a much higher yield than the SC-CO2 oil.
As seen in Table 3 , the SC-CO2 oil had a light yellow colour, and therefore, it had a much better colour than the Soxhlet oil, which had a much darker colour and would not require bleaching during the refining process. The CIELab colour measurements reflected this colour difference as significant differences (p < 0.05) were found for the L*, a* and b* values between the two oils (Table 3) ; a higher value for L*, reflecting more brightness, a lower and negative value for a*, reflecting more green than red, and a higher value for b*, reflecting more yellow than blue, were found for the SC-CO2 oil than for the Soxhlet oil (Table 3 ). According to Kraujalyte et al. [60] , the colour of a vegetable oil depends mainly on the presence of carotenoids and chlorophylls in the oil. Therefore, the darker colour of the Gac seed oil extracted with hexane is probably due to this solvent's capacity to extract carotenoids and chlorophylls [61] [62] [63] compared to the more polar solvent carbon dioxide. This is also consistent with the Soxhlet oil having a higher unsaponifiable matter than the SC-CO2 oil (Table 2) , part of which could be carotenoids and chlorophyll. However, based on the bright green colour of the Soxhlet extract observed before the hexane was evaporated, chlorophyll is likely to be a major pigment in this oil.
There are currently no colour standards for Gac seed oil, and the L* a* b* measurements could be useful for developing a colour classification system. 
Conclusions
Compared to other oilseeds, Gac seed kernel was found to possess a very high oil content. In summary, the SC-CO2 oil appeared to have a higher quality than the Soxhlet oil in terms of free fatty acids, peroxide value, insoluble impurities, moist and volatile matter and antioxidant activity (Table 2 ). However, both oils, as extracted in this study, could not be used as edible virgin oil because of their high unsaponifiable matter [38] , but for the same reason, they may have more potential in medicinal applications. In this context, the Soxhlet oil may have more potential because it had a higher unsaponifiable matter value and a much higher yield than the SC-CO2 oil.
Colour Characterisation
Conclusions
Compared to other oilseeds, Gac seed kernel was found to possess a very high oil content. However, when extracted, the oil could not be considered an edible virgin oil due to its high percentage of unsaponifiable matter. The oil yield was higher with the Soxhlet extraction using The mean ± SD values for each measurement not sharing a superscript letter indicate significant (p < 0.002) differences according to Student's t-test.
There are currently no colour standards for Gac seed oil, and the L* a* b* measurements could be useful for developing a colour classification system.
Compared to other oilseeds, Gac seed kernel was found to possess a very high oil content. However, when extracted, the oil could not be considered an edible virgin oil due to its high percentage of unsaponifiable matter. The oil yield was higher with the Soxhlet extraction using hexane than with the SC-CO 2 apparatus, but the Soxhlet oil had a considerably higher unsaponifiable matter content than the SC-CO 2 oil. The Gac seed oil extracted by SC-CO 2 had better oil qualities, including antioxidant capacity, colour, peroxide value, free fatty acid value and unsaponifiable matter than the Soxhlet oil. Therefore, although further refining of both extracted Gac seed oils would be needed to achieve the safety criteria prescribed for edible oils, the SC-CO 2 would require less effort to bring it within the criteria.
Some of the unsaponifiable matter in the oil may make it useful for medicinal purposes. In this context, the Soxhlet oil may have more potential than the SC-CO 2 oil due to its higher unsaponifiable matter content. However, further composition analysis of the unsaponifiable matter and studies on the biological activities of the hexane-extracted Gac seed oil are needed to confirm the feasibility of using this oil as a medicinal ingredient. Funding: This research received no external funding.
